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Tetraphenyl phosphonium electrodeThis paper describes the problems of measuring the allosteric ATP-inhibition of cytochrome c oxidase (CcO)
in isolated mitochondria. Only by using the ATP-regenerating system phosphoenolpyruvate and pyruvate
kinase full ATP-inhibition of CcO could be demonstrated by kinetic measurements. The mechanism was
proposed to keep the mitochondrial membrane potential (ΔΨm) in living cells and tissues at low values
(100–140 mV), when the matrix ATP/ADP ratios are high. In contrast, high ΔΨm values (180–220 mV) are
generally measured in isolated mitochondria. By using a tetraphenyl phosphonium electrode we observed in
isolated rat liver mitochondria with glutamate plus malate as substrates a reversible decrease of ΔΨm from
233 to 123 mV after addition of phosphoenolpyruvate and pyruvate kinase. The decrease of ΔΨm is
explained by reversal of the gluconeogenetic enzymes pyruvate carboxylase and phosphoenolpyruvate
carboxykinase yielding ATP and GTP, thus increasing the matrix ATP/ADP ratio. With rat heart mitochondria,
which lack these enzymes, no decrease of ΔΨm was found. From the data we conclude that high matrix ATP/
ADP ratios keep ΔΨm at low values by the allosteric ATP-inhibition of CcO, thus preventing the generation of
reactive oxygen species which could generate degenerative diseases. It is proposed that respiration in living
eukaryotic organisms is normally controlled by the ΔΨm-independent “allosteric ATP-inhibition of CcO.”
Only when the allosteric ATP-inhibition is switched off under stress, respiration is regulated by “respiratory
control,” based on ΔΨm according to the Mitchell Theory.arbonyl cyanide m-chlorophe-
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Although the mechanisms of respiration and oxidative phosphor-
ylation in mitochondria have been principally clariﬁed [1], their
regulation in living organisms remains still largely unknown. A new
understanding of mitochondrial respiration and ATP synthesis in vivo
is coming up by System Biology (Molecular System Bioenergetics)
comprising interaction of cellular components, such as metabolic
compartmentation, channeling and functional coupling mechanisms,
which are central for regulation of the energy ﬂuxes [2,3]. Regulation
of energy transfer between respiration and ATP synthesis is generally
described by “respiratory control” where the rate of respiration is
strictly controlled by the availability of ADP for the adenine nucleotide
transporter in the inner mitochondrial membrane [4,5]. The energeticintermediate between oxygen reduction and ATP synthesis was
identiﬁed by Peter Mitchell [6] as the electrochemical proton gradient
across the inner mitochondrial membrane (proton motive force),
consisting mainly of the membrane potential ΔΨm [1]. “Respiratory
control” is thus explained by the Mitchell theory as inhibition of the
mitochondrial proton pumps (respiratory chain complexes I, III, and
IV) at high ΔΨm.
An additional and ΔΨm-independent regulation of respiration was
described based on “allosteric ATP-inhibition of cytochrome c
oxidase” (CcO=complex IV) [7–9]. In living cells CcO represents the
rate-limiting enzyme of the mitochondrial respiratory chain [10–13],
contrasting results obtained in isolated mitochondria by “metabolic
control analysis,”where a low “control strength” of CcO for respiration
was found [14,15]. However, in ionic media isolated rat liver
mitochondria were shown to possess ﬂux control coefﬁcient of N0.5
for CcO [16].
The kinetics of allosteric ATP-inhibition of CcO are characterized by
sigmoidal inhibition curves in the presence of ATP, but hyperbolic
curves in the presence of ADP, when the oxygen consumption is
measured polarographically at increasing concentrations of cyto-
chrome c. This mechanism has been suggested to keep ΔΨm in vivo at
low values (100–140 mV) via feedback inhibition of CcO by ATP
Fig. 1. Respiration of rat heart mitochondria is inhibited by ATP. The oxygen
consumption of rat heart mitochondria (0.86 mg protein/ml) was measured in “KCl-
medium.” The indicated additions were: 5 mM glutamate (Glu)+5 mM malate
(Mal)+0.2 mM ADP+1 μM CCCP+10 mM ATP+1 mM ADP.
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species), which represent a main source of aging and degenerative
diseases (for review see [20–22]). The production of ROS in
mitochondria increases exponentially at ΔΨmN140 mV [23–26], but
only 120 mV are required for maximal rates of ATP synthesis by the
F0F1-ATPsynthase [27]. Such low ΔΨm values (100–140 mV) have in
fact beenmeasured in living cells and tissues [28–31]. In contrast, high
ΔΨm values of 180–230 mV are measured with isolated mitochondria
[1,32,33]. The allosteric ATP-inhibition of CcO was proposed to extend
theMitchell Theory for eukaryotic organisms in vivo [19], because low
ΔΨm values not only prevent the formation of ROS but also the
backﬂow of protons at high ΔΨm values [34] which decrease the
efﬁciency of energy transduction.
The ATP-inhibition of CcO is only effective (a) at very high ATP/
ADP ratios in the mitochondrial matrix with half-maximal inhibition
at ATP/ADP=28 [35]; (b) at low concentrations of ferrocytochrome c,
i.e. it is abolished when sufﬁcient reducing equivalents are available,
and (c) it is turned on and off by reversible phosphorylation of the
enzyme [9,36–38]. In the past, the allosteric ATP-inhibition of CcOwas
mainly described with the puriﬁed bovine heart enzyme and with the
enzyme reconstituted in liposomes [7,35,37]. In contrast, measure-
ments of the allosteric ATP-inhibition of CcO in isolated mitochondria
turned out to be difﬁcult, because of the presence of various ATPases
which decrease the ATP/ADP ratio. In addition, multiple signal
pathways are directed to mitochondria [39–41] which could result
in dephosphorylation of CcO and switching off of the allosteric ATP-
inhibition either in vivo, or during isolation of mitochondria and
measurement of CcO kinetics.
This paper describes the optimal conditions for measuring the
allosteric ATP-inhibition of CcO in isolated mitochondria. In addition,
we show for the ﬁrst time the reversible decrease of ΔΨm of intact
isolated rat liver mitochondria to values found in living tissues by
inducing high ATP/ADP ratios in the matrix after addition of
phosphoenolpyruvate and pyruvate kinase. It is concluded that in
living organisms normally the “allosteric ATP-inhibition of CcO”
regulates cell respiration. Only when the allosteric ATP-inhibition is
switched off under stress, respiration is regulated by “respiratory
control,” based on ΔΨm according to the Mitchell Theory.
2. Methods
Mitochondria were isolated by standard procedures in the
‘isolation medium’ containing 250 mM sucrose, 10 mM Hepes, 1 mM
EDTA (pH 7.4, 4 °C) and 0.2% fatty acid-free bovine serum albumin
(BSA) from rat heart and liver immediately after death of the rat by
decapitation and from bovine heart, liver and kidney after getting the
specimens from the slaughterhouse.
Respiration of rat liver mitochondria was measured polarograph-
ically at 25 °C using an Oxygraph System (Hansatech, Norfolk, U.K.) in
0.5 ml of “sucrose medium” (250 mM sucrose, 10 mM Hepes, 5 mM
MgSO4, 0.2 mM EDTA, 5 mM KH2PO4, pH 7.2, 0.5% fatty acid-free BSA)
while rat and bovine heart mitochondria were measured under the
same conditions using “KCl-medium” (130 mM KCl, 3 mM Hepes,
0.5 mM EDTA, 2 mMKH2PO4, pH 7.4, 0.5% fatty acid-free BSA). Further
additions are indicated in the legends to the ﬁgures.
The kinetics of CcO activity were also measured polarographically
at 25 °C in a volume of 0.5 ml. Mitochondria were suspended in the
“kinetics medium” containing 250 mM sucrose, 20 mM Hepes, 1 mM
EDTA, 2 mM EGTA, 25 mM NaF, 10 nM okadaic acid, 5 mMMgSO4, pH
7.4, 1% Tween-20. Oxygen consumption was recorded at increasing
concentrations of cytochrome c (0.2–20 μM) in the presence of 17 mM
ascorbate and either 5 mM ADP, or 5 mM ATP in the presence or
absence of a regenerating system consisting of 10 mM phosphoenol-
pyruvate (PEP) and 160 U/ml pyruvate kinase (PK). The rates of
oxygen consumption (nmol O2 min−1 ml−1) were calculated at each
concentration of cytochrome c and presented graphically.Protein was determined by the BCA (bicinchoninic acid) or Biuret
assay.
The membrane potential was measured with a tetraphenyl
phosphonium (TPP+) electrode, as previously described [42], in a
thermostated chamber at 25 °C. Two Ag/AgCl REF200 electrodes
(Radiometer, Copenhagen), one of which was covered with a TPP+-
permeable polyvinylchloride-based membrane, were connected to
the pH-5 module of a Gilson 5/6 Oxygraph (Middleton, WI, USA). As a
reference solution 10 mM TPP+ was ﬁlled into the tube of the TPP+-
selective electrode. The potential difference between the TPP+- and
the reference electrodes depends on the TPP+ concentration in the
incubation medium and was recorded on a linear y-t chart recorder.
Before each measurement the system was calibrated by increasing
concentrations of TPP+ (0.5–5 μM). Assuming that the distribution of
TPP+ between the mitochondria and the medium follows the Nernst
equation, and that the conservation of mass holds true, the ΔΨm was
calculated according to the following equation:
ΔΨm = −59:16mV × log
Ve × 10
ΔU−ΔUe
59:16mV−V + Vm
Vm
(Vm, mitochondrial matrix volume, 1 μl/mg protein [43] as
approximation; V, current volume of the medium; Ve, V after the
addition of the uncoupler 2,4-dinitrophenol; ΔU, current deﬂection of
the TPP+ electrode potential from the baseline and ΔUe, ΔU after the
addition of the uncoupler). In this way the ΔΨm was corrected for
dilution and non-speciﬁc binding of TPP+ [44].
The membrane potential of rat liver mitochondria was measured
in the “sucrose medium,” while that of rat heart mitochondria was
measured in the “KCl-medium,” as used for mitochondrial respiration
measurements. Other additions are indicated in the legends to the
ﬁgures.
3. Results
Respiration of mitochondria is regulated by both, the membrane
potential ΔΨm [1], as well as by ATP which directly inhibits CcO in a
ΔΨm-independent way [35], as shown in Fig. 1. The respiration of rat
heart mitochondria with glutamate plus malate is stimulated by ADP
(state 3 respiration) and inhibited after conversion of ADP into ATP
(state 4 respiration). Due to the lack of ADP the ΔΨm increases
thereby inhibiting proton pumps (complexes I, III, and IV) [1].
Addition of the uncoupler carbonyl cyanide m-chlorophenylhydra-
zone (CCCP) abolishes ΔΨm and stimulates oxygen uptake to the rate
Fig. 3. Effect of Tween-20 on CcO activity of mitochondria from rat liver and rat heart in
the presence of ADP. The CcO activity of rat liver (0.94 mg protein/ml, upper graph) and
rat heart mitochondria (0.34 mg protein/ml, lower graph) was measured in “kinetics
medium” in the presence of 17 mM ascorbate, 5 mM ADP and the indicated
concentrations of cytochrome c and Tween-20.
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respiration which is slowly reversed with time and this reversal is
furthermore increased by addition of 1 mMADP due to the decrease of
the ATP/ADP ratio. The extent of ATP-inhibition in the presence of an
uncoupler varies in different mitochondrial preparations depending
on the amount of impurities containing ATPases which decrease the
ATP/ADP ratio, and on the degree of phosphorylation of CcO [38] (see
also Fig. 8). With mitochondria prepared from frozen bovine hearts a
strong inhibition of succinate respiration was frequently obtained, as
presented in Fig. 2. Since mitochondria from frozen tissue are
uncoupled, CCCP does not stimulate succinate respiration, but
10 mM ATP caused almost full inhibition of oxygen consumption.
In order to measure the kinetics of allosteric ATP-inhibition of CcO
in isolated mitochondria the oxygen consumption was recorded with
ascorbate as substrate at increasing concentrations of cytochrome c in
the presence of ADP and of ATP. To prevent dephosphorylation of CcO
during recording at 25 °C, resulting in loss of ATP-inhibition [38], the
“kinetics medium” contained the protein phosphatase inhibitors NaF,
okadaic acid and EGTA. EGTA complexes calcium, an essential
activator of the Ca2+-dependent protein phosphatase PP2B, also
known as calcineurin [45]. A detergent had to be added to make
cytochrome c accessible to all CcO complexes. As demonstrated in
Fig. 3, the CcO activity of rat liver and heart mitochondria in the
presence of 5 mM ADP increases with increasing Tween-20 concen-
trations.With rat liver mitochondria almost no CcO activity was found
in the absence of Tween-20 in contrast to heart mitochondria, where
about 50% of maximal activity was measured. Isolated rat liver
mitochondria have an intact outer membrane excluding the access of
cytochrome c to CcO, whereas the outer membrane of isolated rat
heart mitochondria is usually disrupted. Maximal rates were
measured between 0.5% and 2% Tween-20.
The presence of Tween-20 makes ATP freely permeable to rat liver
mitochondria as shown in Fig. 4A. The respiration with glutamate plus
malate is completely abolished after addition of 1% Tween-20,
probably due to loss of NAD+/NADH, suggesting also free permeabil-
ity of ATP into mitochondria. Succinate respiration of rat heart
mitochondria is hardly inﬂuenced by 1% Tween-20, as shown in
Fig. 4B, because the membrane-bound complexes succinate dehydro-
genase (complex II), cytochrome bc1 (complex III) and CcO (complex
IV) are not solubilized by the nonionic detergent. This conclusion is
supported by electron microscopy. Rat liver and rat heart mitochon-
dria were incubated for 10 min at room temperature with “kinetics
medium” in the presence and absence of 1% Tween-20. After
centrifugation the pellets were used for electron microscopy.Fig. 2. Respiration of bovine heart mitochondria prepared from frozen tissue exhibit
strong ATP-inhibition of CcO. Mitochondria were prepared from bovine heart which
had been frozen for two months at −80 °C. The oxygen consumption of isolated
mitochondria (0.7 mg protein/ml) was measured in “KCl-medium.” The indicated
additions were: 5 mM succinate+1 μM CCCP+10 mM ATP.Mitochondria incubated in the presence of 1% Tween-20, are swollen
and partly fragmented, but the membrane structures were still
preserved (not shown).
The allosteric ATP-inhibition of CcO is only active at very high
intramitochondrial ATP/ADP ratios, since ATP binds to the matrix
domain of CcO subunit IV [7], and at a ratio of ATP/ADP=28 only half-
maximal inhibition of CcO activity is obtained [35]. To maintain a high
ATP/ADP ratio in the mitochondrial suspension with 1% Tween-20, an
ATP-regenerating system consisting of PEP and PK is added, which
requires Mg2+. Mg2+, however, stimulates the mitochondrial F0F1-
ATPase in rat heart mitochondria, as shown in Fig. 5, where the “state
4 respiration” with glutamate plus malate is stimulated by 5 mM
MgCl2, which is abolished by oligomycin, an inhibitor of F0F1-ATPase/
synthase.
The effect of the ATP-regenerating system (PEP+PK+MgSO4) on
the kinetics of CcO in rat heart mitochondria is presented in Fig. 6. The
hyperbolic curve of oxygen consumption at increasing cytochrome c
concentrations is extended by 5 mM ADP. Addition of 5 mM ATP
induces a sigmoidal inhibition curve which is further lowered by
addition of the ATP-regenerating system. PK has to be present in high
amounts in order to compensate for the activities of ATPases. With rat
heart mitochondria 160 U/ml of PK were required to obtain full
allosteric ATP-inhibition of CcO (data not shown).
The allosteric ATP-inhibition of CcO is active at ATP/ADPN50 and
inactive at ATP/ADPb17 [35]. If the total [ATP+ADP] concentration is
5 mM, at [ADP]b0.1 mM full allosteric ATP-inhibition occurs, but when
Fig. 4. 1% Tween-20 abolishes glutamate/malate-dependent respiration of rat liver
mitochondria but not succinate-dependent respiration of rat heart mitochondria. (A) The
respiration of rat liver mitochondria was measured in “sucrose medium.” The indicated
additions were: 5 mM glutamate (Glu)+5 mM malate (Mal)+0.3 mM ADP+1 μM
CCCP+1%Tween-20 (T-20). B: The respiration of rat heartmitochondriawasmeasured in
the “KCl-medium.” The indicated additions were: 1 μM rotenone (Rot)+5 mM succinate
(Succ)+0.15 mM ADP+2 μM CCCP+1% Tween-20.
Fig. 5. Magnesium ions strongly stimulate F0F1-ATPase of rat heart mitochondria,
indicated by stimulation of state 4 respiration which is inhibited by oligomycin. The
oxygen consumption of rat heart mitochondria (0.45 mg protein/ml) was measured in
the “KCl-medium.” The indicated additions were: 5 mM glutamate (Glu)+5 mM
malate (Mal)+0.2 mM ADP+5.3 mM MgCl2+1 μg/ml oligomycin.
Fig. 6. Effect of the ATP-regenerating system on CcO activity of rat heart mitochondria.
The CcO activity of mitochondria (0.45 mg protein/ml) was measured in the “kinetics
medium” in the presence of 17 mM ascorbate. Titrations with increasing cytochrome c
concentrations were done either without any addition, or with 5 mM ADP, or 5 mM
ATP, or 5 mM ATP+10 mM PEP+160 U/ml PK, as indicated. The curves have been
drawn by using Microsoft excel program.
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The “steady state” of the ATP/ADP ratio in the measuring cell depends
on the activities of the ATP-regenerating system (PEP+PK) and on the
activities of the ATPases in themitochondrial preparation. Therefore the
amount of mitochondria in the measuring cell inﬂuences the steady
state of the ATP/ADP ratio. This assumption is supported by experi-
ments with decreasing amounts of rat heart mitochondria shown in
Fig. 7. With increasing dilution of mitochondria the percentage of CcO
activity in the presence of ATP, related to the activity with ADP,
decreased and reached almost 0% in the presence of 2 μMcytochrome c.
This result indicates a shift of the steady state ATP/ADP ratio to higher
values by dilution of mitochondria, i.e. reduction of the amount of
ATPases.Fig. 7. The concentration of rat heart mitochondria inﬂuences the extent of allosteric
ATP-inhibition of CcO. The activity of CcO at decreasing amounts of mitochondria was
measured in the “kinetics medium” in the presence of 17 mM ascorbate and the
indicated concentrations of cytochrome c either with 5 mMADP or 5 mMATP+10 mM
PEP+160 U/ml PK. The percentage CcO activity with ATP at each concentration of
mitochondrial protein and cytochrome c was related to the activity with ADP taken as
100 %.
Fig. 8. The extent of allosteric ATP-inhibition of CcO in mitochondria isolated from fresh heart, liver and kidney from bovine varies depending on the individual. The kinetics of CcO
activity weremeasured in the “kineticsmedium” immediately after the isolation of mitochondria. In the 9 graphs, the upper curves represent the activity measured in the presence of
5 mMADP, the lower curves the activity measured in the presence of 5 mMATP+10 mMPEP+160 U/ml PK. The ﬁnal mitochondrial protein content used for kinetic measurements
varied in the different preparations between 0.56 and 0.68 mg protein/ml for heart, 1.0–1.5 mg protein/ml for liver and 0.94–1.18 mg protein/ml for kidney.
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varies in mitochondrial preparations from different individuals. In
Fig. 8, presented are the CcO kinetics of isolated mitochondria of
bovine heart, liver and kidney in the presence of ADP and ATP. The
tissues were obtained from the slaughterhouse 1–2 h after killing of
three different cowswith an interval of 1 week in February.While CcO
of the ﬁrst animal showed almost no allosteric ATP-inhibition, the
second exhibited clear sigmoidal ATP-inhibition curves, and CcO of
the third animal had average ATP-inhibition. Surprisingly, the extents
of ATP-inhibition were similar in heart, liver and kidney of the same
animal, although the differences in CcO kinetics weremore prominent
in heart mitochondria. These data support the previous assumption,
that stress switches off the allosteric ATP-inhibition of CcO in the
whole animal to variable and individual extents [17–19,38].
As the allosteric ATP-inhibition of CcO was proposed to keep ΔΨm
in vivo at low values (100–140 mV) [9,17,19], we measured ΔΨm in
isolated mitochondria of rat liver and heart in order to investigate the
conditions modulating high ΔΨm values usually observed in vitro
(180–220 mV) [1,32,33]. As shown in Fig. 9, isolated rat liver
mitochondria reveal a ΔΨm value of around 230 mV in the presence
of glutamate plus malate. This ΔΨm is decreased under state 3
conditions unless ADP is converted to ATP (Fig. 9, upper graph). After
addition of PEP and PK the ΔΨm is slowly decreased to 178 mV and
reaches 123 mV if themitochondriawere not supplementedwith ADP
(ATP) before (Fig. 9, lower graph). Surprisingly, addition of 5 mM ATP
reversed the ΔΨm back to around 215 mV.
The decrease ofΔΨm after addition of PEP and PK, however, was not
obtained in rat liver mitochondria using 5 mM succinate as substrate
(ΔΨm decreased from 234 mV to 222 mV only; data not shown),
probably due to the removal of the allosteric ATP-inhibition of CcO at
high substrate supply (high ferrocytochrome c/ferricytochrome c ratio
with succinate) as a consequence of sigmoidal kinetics [7].The marked decrease of ΔΨm in glutamate/malate-respiring rat
liver mitochondria after addition of PEP and PK is explained by the
allosteric ATP-inhibition of CcO activity at high ATP/ADP ratios [35]
which is shown in Fig. 10 (the same rat liver mitochondria
preparation as used in Fig. 9), where in the presence of ATP full
inhibition of CcO activity is obtained in rat liver mitochondria up to
2 μM cytochrome c.
The increase of intramitochondrial ATP/ADP ratio is explained by
reversal of the two gluconeogenetic enzymes pyruvate carboxylase
and PEP carboxykinase which occur in the matrix of rat liver
mitochondria yielding GTP and ATP ([46]; discussion in [47]). Support
for the involvement of these two gluconeogenetic enzymes in the
decrease of ΔΨm in rat liver mitochondria comes from the experi-
ments with mitochondria from rat heart, shown in Fig. 11. With
glutamate plus malate as substrates rat heart mitochondria exhibited
a ΔΨm of around 220 mV. Addition of PEP and PK decreased the ΔΨm
only to 211 (203) mV. The lacking decrease of ΔΨm is apparently due
to the absence of pyruvate carboxylase and PEP carboxykinase in
heart mitochondria [48,49]. In addition, PEP is transported into liver
mitochondria by the tricarboxylate carrier [50], which does not occur
in heart mitochondria [51].
4. Discussion
This paper describes the problems of measuring the allosteric ATP-
inhibition of CcO (‘second mechanism of respiratory control’ [52]) in
isolated mitochondria, and its effect on ΔΨm. There are two ways to
measure the ATP-inhibition of CcO: (1) in intact mitochondria by the
inhibition of uncoupled respiration by ATP, since it is independent of
ΔΨm [35], (2) by the kinetics of ATP-inhibition of CcO activity at
increasing cytochrome c concentrations. To make all CcO complexes of
mitochondria accessible to its substrate cytochrome c, the nonionic
Fig. 9. Effect of an ATP-regenerating system on the ΔΨm of rat liver mitochondria. ΔΨm
was measured in the “sucrose medium.” ΔΨm values (negative inside) calculated at the
end of each kinetic are indicated in brackets. Upper graph: rat liver mitochondria (RLM,
1 mg/ml), 5 mM each glutamate/malate (Glu+Mal; 229 mV), 0.2 mM ADP (state 3:
199 mV, state 4: 222 mV), 160 U/ml PK (223 mV), 10 mM PEP (178 mV), 0.1 mM ADP
(189 mV), 10 mM pyruvate (Pyr, 197 mV), 5 mM ATP (216 mV). Lower graph: rat liver
mitochondria (RLM, 1 mg/ml), 5 mM each Glu+Mal (233 mV), 10 mM PEP (224 mV),
160 U/ml PK (123 mV), 0.2 mM ADP (139 mV), 5 mM ATP (215 mV).
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microscopy the structure of rat liver and rat heart mitochondria in the
presence and absence of Tween-20. Mitochondria stained in the
presence of the “kineticsmedium” containing 1% Tween-20, are swollen
and partly fragmented, but the membrane structures are still preserved
(not shown). Apparently, the detergentmakesmitochondria permeable
to low molecular weight compounds (Fig. 4A) and to cytochrome c
(Fig. 3), but did not solubilize the membranes, as also supported by theFig. 10. CcO kinetics of the isolated rat liver mitochondria from the experiment of Fig. 9. The C
medium” with 17 mM ascorbate and the indicated cytochrome c concentrations, either in tunchanged activity of succinate oxidase, composed of succinate
dehydrogenase, cytochrome bc1 complex and CcO (Fig. 4B).
The ATP/ADP ratio is the most critical point in measuring the
allosteric ATP-inhibition of CcO in mitochondria. Since only half-
maximal ATP-inhibition is obtained at ATP/ADP=28 [35], full
inhibition requires about 50 times more free ATP than ADP. The
steady state ATP/ADP-ratio in the mitochondrial incubation medium
(bulk phase) depends on both, a) the ATP-regenerating system (PEP
and PK) and b) the activity of various ATPases in the mitochondrial
preparation including the F0F1-ATPase. Therefore, the concentrations
of PK as well as of mitochondria have a strong effect on the measured
extent of allosteric ATP-inhibition. It appears reasonable to assume
that ATPases are activated during disruption of the cell, but are
inactive in vivo due to structural compartmentation, metabolic
diffusion barriers, and speciﬁc enzyme regulation. The occurrence of
supercomplexes of oxidative phosphorylation [53–55] could create
localized ATP/ADP ratios at the intramitochondrial surface of CcO,
high enough to turn on the allosteric ATP-inhibition, which could be
different from the ATP/ADP ratio in the soluble matrix compartment.
Localized creatine phosphate/creatine and ATP/ADP ratios were
concluded from different dissociation constants of MgATP and
creatine for mitochondrial creatine kinase measured either with
isolated rat heart mitochondria or with permeabilized rat cardiac cells
[56]. In addition, a localized pH change was measured at the surface of
isolated rat liver mitoplasts [57]. Upon energetization by succinate, a
large change of the pH was found at the surface of the mitoplasts,
whereas no change of pH was measured in the bulk phase medium,
suggesting a localized ΔpH as the primary energy source of proton
motive force for mitochondrial ATP synthesis.
In intact isolated mitochondria high values of ΔΨm are generally
measured (180–220 mV) [1,32,33], whereas in living cells low values
(100–140 mV)were determined [28–31]. We describe for the ﬁrst time
the reversible decrease ofΔΨm in intact isolated rat liver mitochondria,
which is not based on limited substrate supply, high F0F1-ATPsynthase
activity, or uncoupling. The decrease of ΔΨm is induced by addition of
PEP and PK to liver mitochondria and proceeds slowly, indicating an
enzymatic reaction.We suggest this reaction to represent the reversal of
the two gluconeogenetic enzymes in the matrix of liver mitochondria:
pyruvate carboxylase and PEP carboxykinase yielding GTP and ATP: 1)
PEP+CO2+GDP→oxalacetate+GTP (PEP carboxykinase); 2) oxalac-
etate+ADP+phosphate→pyruvate+CO2+ATP (pyruvate carboxyl-
ase) ([46]; discussion in [47]). This assumption is strongly supported by
the lacking decrease of ΔΨm in rat heart mitochondria after addition of
PEP and PK. PEP is transported into liver mitochondria by the
tricarboxylate carrier [50], which is absent in heart mitochondria [51].cO activity of rat liver mitochondria (0.37 mg protein/ml) wasmeasured in the “kinetics
he presence of 5 mM ADP or of 5 mM ATP+10 mM PEP+160 U/ml PK, as indicated.
Fig. 11. Effect of an ATP-regenerating system on the ΔΨm of rat heart mitochondria.
ΔΨm was measured in the “KCl-medium”; ΔΨm values (negative inside) calculated at
the end of each kinetic are indicated in brackets. Upper graph: rat heart mitochondria
(RHM, 0.5 mg/ml), 5 mM each glutamate/malate (Glu+Mal; 221 mV), 0.2 mM ADP
(state 3: 180 mV, state 4: 217 mV), 5 mM MgSO4 (208 mV), 10 mM PEP (209 mV),
160 U/ml PK (211 mV), 1 mM ATP (217 mV)+4 mM ATP (220 mV). Lower graph: rat
heart mitochondria (RHM, 0.5 mg/ml), 5 mM each Glu+Mal (217 mV), 5 mM MgSO4
(222 mV), 160 U/ml PK (225 mV), 8 mM PEP (203 mV), 1 mM ATP (214 mV)+4 mM
ATP (216 mV), 0.4 mM 2,4-dinitrophenol (DNP; 0 mV).
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carboxylase do not occur in heart mitochondria [48,49].
The decrease of ΔΨm in liver mitochondria requires not only the
addition of PEP but also of PK. One explanation could be the formation
of extramitochondrial ATP from PEP and ADP which is bound to
extramitochondrial high-afﬁnity binding sites of proteins. We have
identiﬁed a second binding site for ADP or ATP at the cytosolic side of
CcO subunit IV. Exchange of bound ADP by ATP at this site increased
the Km for ferrocytochrome c [58]. It is possible that this site also has
to be occupied by ATP for full induction of ATP-inhibition of CcO.
Addition of creatine phosphate and creatine kinase, another ATP-
regenerating system, to intact rat heart (or rat liver) mitochondria did
not decrease ΔΨm (data not shown), because this system increases
only the extramitochondrial ATP/ADP ratio which is not high enough
to produce ratios of N50 within mitochondria. In addition, due to four
negative charges of ATP compared to three of ADP, the membrane
potential (positive outside) will create a lower ATP/ADP ratio in the
matrix as compared to the extramitochondrial space [59,60]. This was
shown for perfused rat liver where ATP/ADP ratios of about 1 have
been determined in mitochondria and about 10 in the cytosol after
fractionation of freeze-ﬁxated tissue in non-aqueous solvents [61]. Of
course, these ATP/ADP ratios are too low to induce the allosteric ATP-inhibition of CcO, but in intact cells the concentration of free ADP was
found to be much lower than the total amount [62,63], due to a large
number of high-afﬁnity, non-catalytic binding sites for ADP on
proteins [64–71]. We determined in bovine heart CcO ten high-
afﬁnity binding sites for ADP, seven of which can be exchanged by ATP
at high ATP/ADP ratios [58,72]. The low concentration of free ADP in
living tissue, as compared to total ADP, follows also from very high
ATP/ADP ratios of 100–1000, calculated from 31P-NMR data in living
muscle [73–76]. Therefore we conclude that in living cells the
allosteric ATP-inhibition of CcO is normally turned on resulting in
decreased ΔΨm values of 100–140 mV, as previously proposed
[9,17,19].
The decrease of ΔΨm in liver mitochondria is abolished by 5 mM
ATP. This could be explained by the generation of ADP by various
ATPases resulting in decreased ATP/ADP ratios outside the mitochon-
dria and, by exchange with the adenine nucleotide carrier [60], in the
matrix. In fact, addition of 5 mMATP increased the state 4 respiration of
intact rat liver mitochondria with glutamate plus malate as substrates
(data not shown). Also, in permeabilized muscle cells, the addition of
1 mM ATP strongly stimulated the rate of respiration with glutamate
plus malate as substrates, similar to the addition of 1 mM ADP [77].
Another explanation could be a shift of the equilibrium of PK to the
formation of ADP (ATP+pyruvate→ADP+PEP). The required pyru-
vate is produced by the pyruvate carboxylase in the mitochondrial
matrix and transported to the cytosolic side by the pyruvate carrier [78],
whereas the extramitochondrially produced ADP is transported into the
matrix by the adenine nucleotide carrier [60].
The allosteric ATP-inhibition of CcO is suggested to represent an
essential component of “Molecular System Bioenergetics” [3]. We
propose that the 10- to 20-fold increase of ATP consumption at high
work load in the heart is transmitted to stimulated cell respiration
(CcO activity) through a decrease of the intramitochondrial ratio of
free [ATP]/[ADP] which turns off the allosteric ATP-inhibition of CcO.
The sensitivity of the system is mainly based on the very low
concentration of free ADP in living cells ranging from 10–60 μM [73–
76,79], which contrasts about 5 mM of free ATP. Thus, only small
changes of free [ADP] will turn on or off the allosteric ATP-inhibition
of CcO and thus cell respiration, while the total amount of ATP
remains almost constant. This mechanism contributes to the well-
known homeostasis of ATP/ADP ratios in living cells [80,81].
The inhibition of CcO activity, however, is only complete at low
ferrocytochrome c concentrations, due to the sigmoidal inhibition
kinetics [7]. Since inmitochondria the total concentration of cytochrome
c is more or less constant, the activity of CcO is regulated by the ferro-/
ferricytochrome c ratio. In addition, ferricytochrome c was shown to
represent a strong competitive inhibitor of CcO [82]. Therefore, at high
substrate supply (high ferro-/ferricytochrome c ratios), the allosteric
ATP-inhibition, or the feedback inhibition of CcO by ATP, is partly
abolished. This could explain the lack of ΔΨm decrease in rat liver
mitochondria respiring with succinate by PEP and PK (data not shown).
Chance and Williams measured an increased ferro-/ferricytochrome c
ratio in rat liver mitochondria respiring with succinate, as compared
with β-hydroxybutyrate [83]. Therefore, in living organisms high
substrate supply would turn off the allosteric ATP-inhibition of CcO
with consequent increasedΔΨm andROS formation. These properties of
CcO kinetics could in part explain the deleterious effects of high fat diet
leading to type 2 diabetes in humans. Dreja et al. [84] studied the effect
of diabetogenic high-fat diet on gene expression in pancreatic islets of
mice. Pathway analysis identiﬁed oxidative phosphorylation as the
predominant gene-set thatwas signiﬁcantly upregulated in response to
high-fat diet. The authors strongly implicated oxidative stress in disease
progression of type 2 diabetes.
In conclusion we propose that in living organisms cell respiration
is normally controlled by the allosteric ATP-inhibition of CcO (“second
mechanism of respiratory control” [52]). Only under stress conditions,
when the allosteric ATP-inhibition is switched off, the “respiratory
1679R. Ramzan et al. / Biochimica et Biophysica Acta 1797 (2010) 1672–1680control,” based on ΔΨm according to the Michell Theory [1], is in
action. The mechanism appears to be active in all eukaryotic cells,
since it was also shown in yeast, but not in bacteria [85]. It is based on
the exchange of bound ADP by ATP at the matrix domain of CcO
subunit IV at high ATP/ADP ratios [7]. Subunit IV occurs in CcO of
mitochondria but not in bacterial CcO. Data on the allosteric ATP-
inhibition of CcO in isolated mitochondria have so far not been
published, because the necessary high ratio of free ATP/ADP cannot be
established under normal conditions, due to stimulated ATPase
activity and to the absence of ADP-binding proteins, which maintain
free [ADP] at a micromolar range. In living organisms the allosteric
ATP-inhibition keeps ΔΨm at low values (100–140 mV), thus
preventing ROS formation and inefﬁcient oxidative phosphorylation
as a consequence of passive proton permeability [34]. Only under
certain stress situations the allosteric ATP-inhibition of CcO is
suggested to be switched off by yet unknown signals leading to
dephosphorylation of CcO at speciﬁc site(s) [38]. In the absence of the
allosteric ATP-inhibitionΔΨmwill rise to high values, accompanied by
ROS formation [23,24,26]. The known deleterious effects of ROS on
human health [20–22] can thus be explained in part by reversible
switching off the allosteric ATP-inhibition of CcO under stress [17,18].
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